I n t r o d u c t i o n
There has been c o n s i d e r a b l e e f f o r t devoted t o t h e development of aluminium based a l l o y s with high s t i f f n e s s aimed predominantly a t aerospace a p p l i c a t i o n s . Two main approaches have been used i n t h i s context; t h e use of l i t h i u m a s an a l l o y i n g a d d i t i o n and the reinforcement by ceramics of high modulus. The former approach has concentrated on t h e development of conventional i n g o t c a s t i n g techniques t o produce aluminium a l l o y s containing up t o = 3 wt% lithium. The c u r r e n t s t a t u s of t h e development of t h e s e a l l o y s can be found i n t h e proceedings of t h e f i r s t s e s s i o n o f t h i s conference(l,2,3).
These a l l o y s achieve improvements i n modulus of -10% ( t o = 80 GPa) with a decrease i n d e n s i t y a l s o of = 10% ( t o = 2.54 ~~/ r n~) .
A l t e r n a t i v e production r o u t e s , p a r t i c u l a r l y those involving rapid s o l i d i f i c a t i o n techniques ( i . e . v i a " t h e powder r o u t e " ) , have by comparison received only minor a t t e n t i o n p r i m a r i l y because of t h e a s s o c i a t e d a d d i t i o n a l c o s t . A bibliography concerning t h e s e s t u d i e s can be found i n the paper by Jones(4).
Powder A1-Li a l l o y s produce s i m i l a r modulus and d e n s i t y improvements over conventional aluminium a l l o y s a s the i n g o t c a s t i n g route. The aim being t o a l t e r t h e combination of p r o p e r t i e s (e.g. improve s u p e r p l a s t i c forming c a p a b i l i t y ) e i t h e r through refinement of s t r u c t u r e ( 5 ) o r through t h e i n c o r p o r a t i o n of d i s p e r s o i d s (e.g. c a r b i d e s and oxides(6)). Both t h e s e approaches produce improvements i n p r o p e r t i e s over i n g o t a l l o y s but perhaps n o t enough t o j u s t i f y t h e a d d i t i o n a l c o s t .
The second approach t o t h e development of m a t e r i a l s with improved s t r e n g t h / s t i f f n e s s t o weight r a t i o s has been t h a t of metal m a t r i x composites. This group of m a t e r i a l s o f f e r s t h e p o t e n t i a l f o r much g r e a t e r i n c r e a s e s i n modulus compared with aluminium l i t h i u m a l l o y s ( > 150 GPa).
The development of t h e s e m a t e r i a l s has p r i m a r i l y concentrated on the production of r e i n f o r c e d a l l o y s c o n t a i n i n g e i t h e r whiskers o r f i b r e s (continuous o r discontinuous).
These have required complex processing r o u t e s and t h i s , combined with expensive s t a r t i n g Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987340 m a t e r i a l s , has r e s u l t e d i n s u b s t a n t i a l c o s t p e n a l t i e s a l b e i t with impressive improvements i n modulus.
The use of reinforcement with a high a s p e c t r a t i o a l s o l e a d s t o considerable anisotropy. More r e c e n t l y a t t e n t i o n has been focussed on p a r t i c u l a t e r e i n f o r c e d metal matrix composites which, although producing comparatively modest improvements i n modulus ( t h e y u s u a l l y have a much lower Vf of reinforcement), are i s o t r o p i c . This type of M M C has been produced by a v a r i e t y of routes the most widely reported of which has been t h a t of powder mixing(7).
A t Alcan I n t e r n a t i o n a l considerable a t t e n t i o n has been devoted t o t h e preparation o f aluminium a l l o y composites using SIC a s the p a r t i c u l a t e reinforcement. These composites have been produced using a spray d e p o s i t i o n technique incorporating S i c a s an i n t e g r a l p a r t of the process.
It has been shown t h a t s i g n i f i c a n t improvements i n both modulus and s t r e n g t h can be achieved with good i s o t r o p y using conventional aluminium a l l o y s a s t h e matrix.
Spray d e p o s i t i o n a s a technique f o r the production of composite m a t e r i a l s has a n a t u r a l advantage over t h e more usual powder technique i n t h a t the i n h e r e n t l y dangerous and expensive s t a g e of mixing powders i s not necessary hence leading to a r e l a t i v e l y inexpensive product.
The present study endeavors t o combine the above two approaches t o the development of aluminium based m a t e r i a l s with an improved s t r e n g t h / s t i f f n e s s t o weight r a t i o by i n c o r p o r a t i n g ceramic p a r t i c u l a t e i n t o an A1-Li a l l o y matrix. The f i r s t s t e p has been t o take a conventional A1-Li a l l o y (8090) and r e i n f o r c e with a low volume f r a c t i o n of SIC p a r t i c u l a t e .
The present paper d e s c r i b e s t h e preliminary d a t a derived from t h i s exercise.
Experimental Procedure
The composite m a t e r i a l was produced using i n e r t gas metal spray-deposition technology. Equipment was purchased from Osprey Metals, Neath and f u r t h e r developed a t t h e Banbury Laboratories of Alcan I n t e r n a t i o n a l Limited.
The reinforcement m a t e r i a l ( S i c ) was incorporated i n t o the matrix a l l o y a s an i n t e g r a l p a r t of the metal spraying process i n such a manner a s t o produce a uniform d i s t r i b u t i o n throughout the f i n i s h e d m a t e r i a l . The S i c used was p a r t i c u l a t e of mean diameter = 13 p and s i z e range 5-20 pa. The shape of t h e as-sprayed i n g o t s was chosen t o b e c y l i n d r i c a l so t h a t minimum machining was required t o produce e x t r u s i o n b i l l e t . The average weight of as-sprayed ingot was 8.0 kg. No p a r t i c u l a r d i f f i c u l t y was experienced i n machining e x t r u s i o n b i l l e t s which were prepared using conventional machining techniques.
I n order t o reduce t o o l wear carbide tipped t o o l s were used f o r rough machining. F i n i s h machining, such a s t h a t needed f o r t e n s i l e t e s t pieces, was c a r r i e d out using diamond tipped t o o l s . The 
Balance The S i c was found t o be uniformly d i s t r i b u t e d throughout t h e as-sprayed i n g o t although o c c a s i o n a l c l u s t e r s of SIC were found ( o f t e n a s s o c i a t e d with p o r o s i t y ) . F i g u r e 1 shows t h e as-sprayed m i c r o s t r u c t u r e imaged i n back s c a t t e r e d mode i n the scanning e l e c t r o n microscope (BEI). The phases i n t h e as-produced m a t e r i a l have n o t been p o s i t i v e l y i d e n t i f i e d but q u a l i t a t i v e l y appear s i m i l a r t o those found i n a s -c a s t i n g o t 8090.
The as-produced phases a r e e v e n l y d i s t r i b u t e d throughout t h e m a t r i x and a r e not a s s o c i a t e d with t h e i n t e r f a c e between t h e m a t r i x and t h e S i c . The "halo" e f f e c t s u r r o u n d i n g t h e S i c p a r t i c l e s i s caused bjr t h e d i f f e r e n c e i n h e i g h t between the p a r t i c l e and surrounding m a t r i x .
The phase d i s t r i b u t i o n is c o n s i d e r a b l y r e f i n e d when compared w i t h c o n v e n t i o n a l l y c a s t 8090. The refinement of m i c r o s t r u c t u r e is a l s o observed i n t h e f i n e as-produced g r a i n s i z e which i s approximately 50 p. F i g u r e 2 shows t h e homogenised m i c r o s t r u c t u r e imaged u s i n g BEI. The homogenisation procedure used, which i s t h e s t a n d a r d f o r i n g o t m e t a l l u r g y 8090, h a s c l e a r l y been s u c c e s s f u l , r e s u l t i n g i n d i s s o l u t i o n of v i r t u a l l y a l l t h e as-produced phases w i t h t h e e x c e p t i o n of i r o n c o n t a i n i n g i n t e r m e t a l l i c s . O p t i c a l m i c r o s t r u c t u r e s of t h e extruded b a r a r e shown i n F i g u r e 3 . The S i c i s u n i f o r m l y d i s t r i b u t e d throughout t h e bar. The e x t r u s i o n p r o c e s s has, however, r e s u l t e d i n t h e alignment of t h e p a r t i c u l a t e i n t h e d i r e c t i o n of e x t r u s i o n . The p o r o s i t y observed i n t h e o r i g i n a l i n g o t has c l o s e d up d u r i n g e x t r u s i o n . F i g u r e 4 i s a BE1 of t h e as-extruded m a t e r i a l . A d d i t i o n a l p r e c i p i t a t i o n h a s occurred d u r i n g e x t r u s i o n .
The o v e r a l l volume f r a c t i o n of S i c was e s t i m a t e d a t 10% on t h e b a s i s of a r e a f r a c t i o n measurements on o p t i c a l s e c t i o n s and d i s s o l u t i o n of t h e m a t r i x followed by weight f r a c t i o n measurements. The p o r o s i t y i n t h e as-sprayed i n g o t was e s t i m a t e d t o be 10% i n e a r l y i n g o t . T h i s i s h i g h e r than t h a t normally found i n non-lithium c o n t a i n i n g composites produced by t h i s r o u t e ( < 5%
These r e a d i l y d i s s o l v e on s o l u t i o n h e a t t r e a t m e n t . 
Mechanical P r o p e r t i e s
The extruded bar was s o l u t i o n heat t r e a t e d i n an a i r oven f o r 15 min a t 535OC and cold water quenched. This treatment was based on t y p i c a l p r a c t i c e s developed f o r i n g o t c a s t 8090 i n t h e extruded form. The bar was s t r e t c h e d 2% p r i o r t o ageing.
Ageing curves were determined a t temperatures of 150°C and 170°C using hardness measurements on polished t r a n s v e r s e s e c t i o n s of t h e extruded bar ( Figure 5 ). The curves show an i n i t i a l rapid i n c r e a s e i n hardness and extended plateau regions t y p i c a l of unreinforced 8090. The ageing response of t h e reinforced m a t e r i a l i s not s i g n i f i c a n t l y f a s t e r than i n g o t c a s t m a t e r i a l . Similar maximum hardnesses a r e achieved a t both temperatures.
Maximum hardness appears t o be reached a f t e r * 24 hours a t 170°C and * 40 hours a t 150°C. L i t t l e s i g n of overageing was observed within t h e range of experimentation. TIME (hours) For the i n i t i a l s e t of ageing experiments round bar t e n s i l e specimens with a 50 mm gauge length were t e s t e d i n t r i p l i c a t e i n t h e following conditions:-s o l u t i o n t r e a t e d and s t r e t c h e d 2%, underaged (8 hr a t 170°C), peak aged (22 h r a t 170°C) and overaged (40 hr a t 170°C). The r e s u l t s a r e reported i n bargraph form i n Figure 6 .
As with conventional 8090(8) the d u c t i l i t y of t h e composite decreases with increasing s t r e n g t h a s ageing progresses.
I n DC c a s t and extruded 8090 the following p r o p e r t i e s can be taken a s typical (9,lO) ; proof s t r e n g t h 480 m a , t e n s i l e s t r e n g t h -520-550 MPa, elongation t o f r a c t u r e 5% and e l a s t i c modulus 79.5 GPa. The proof s t r e n g t h and t e n s i l e s t r e n g t h of the composite a r e comparable with t h e s e values.
This i s encouraging a s t h e composite matrix used i n the present s e r i e s of experiments has a composition a t the lower end of t h e 8090 s p e c i f i c a t i o n l i m i t s f o r a l l t h e major a l l o y i n g a d d i t i o n s . It would thus be expected t h a t without the reinforcement the s t r e n g t h would have been below t y p i c a l . Perhaps a b e t t e r comparison would be t h e provisional minimum property l e v e l s quoted by Peel e t a l ( 1 0 ) ; PS = 440 m a , TS = 495 m a , Ef = 3% and E = 79.5 GPa. The composite material f u l f i l l s t h e s e requirements. D u c t i l i t y is somewhat lower than t y p i c a l 8090 but t h i s i s not unexpected i n composite materials. At t h i s s t a g e i n the development of t h e s e m a t e r i a l s i t i s considered t o be acceptable as no attempt has been made t o optimise processing. The major d i f f e r e n c e i n p r o p e r t i e s from conventional 8090 i s the i n c r e a s e i n modulus. This i s a g r e a t e r than 20% i n c r e a s e over unreinforced 8090 and corresponds t o an 18% i n c r e a s e i n the s t i f f n e s s t o d e n s i t y r a t i o . 
